
Mass spectrometry (MS) has been the 
focus of technology development and 
application for imaging for several dec-
ades, with early work in secondary ion 
mass spectrometry (SIMS) reported in the 
1960s1,2. SIMS uses an atomic or molecular 
cluster beam to irradiate a sample with 
concomitant desorption of ions, which are 
subsequently analysed to measure their 
mass to charge ratio (m/z)3. This was later 
followed by laser desorption methods 
that used a focused laser to achieve the 
desorption process. One of the limita-
tions of these techniques is that molecules 
with a molecular mass of more than 
approximately 2,000 Da cannot be des-
orbed intact, and so applications typically 
address the analysis of elements, atomic 
clusters, drugs and other low molecular 
mass compounds within tissue sections4–6. 
Matrix-assisted laser desorption ioniza-
tion (MALDI)-based imaging mass spec-
trometry (IMS) was introduced in 1997 
and provided the capability of measuring 
both low and high molecular mass com-
pounds, such as proteins with masses of 
greater than 50,000 Da7. In general, the 
practical image resolution for the desorp-
tion technologies for the measurement of 
intact molecules is around 1 μm, and this 
is mostly limited by sensitivity.

Much of the early work in MALDI IMS 
was focused on proteomics in which pro-
teins of molecular masses from 2 to 80 kDa 
or higher can be ablated and directly  
analysed intact from tissue sections. Their 
relative abundance and spatial distribution 
throughout the section can be measured 
with a lateral resolution of up to 10 μm 
using current technology8,9. Formalin-fixed 
and paraffin-embedded (FFPE) samples, 
constituting most of the tissue collected 
and stored by pathologists worldwide, can 
also be analysed by MALDI IMS by com-
bining commonly used antigen retrieval 
techniques, such as heat-induced antigen 
retrieval coupled with tryptic digestion 
of proteins in situ10,11. In contrast to more 
commonly used imaging modalities, such 
as immunohistochemistry (IHC), MALDI 
IMS allows for the unbiased analysis of tis-
sue sections for the discovery and identifi-
cation of proteins that are linked to specific 
tissue types or disease phenotypes as it does 
not require target-specific reagents12. The 
spatial distribution of hundreds of proteins 
can be evaluated in parallel and visual-
ized from the same section13. By leaving 
molecular distributions intact, MALDI IMS 
enables the discovery of spatial molecular 
arrangements in disease to help assess, for 
example, the aggressiveness of the disease 

in discrete areas in the tissue and ultimately 
to substantially enable the prediction of 
patient outcome.

 MALDI IMS is becoming widely 
accepted, as shown by the rapidly increasing 
number of publications in recent years. This 
interest is driven by the need to gain a bet-
ter and more fundamental understanding of 
molecular events involving proteins as well 
as other types of biological compounds in 
the development and progression of disease, 
especially cancer. As the proteome is more 
complex and dynamic than the genome, it 
is an effective sensor for ongoing molecular 
alterations14,15. MALDI IMS technology has 
the capability to overcome some of the limi-
tations of other approaches in the identifica-
tion of new biomarker molecules that are 
involved in the development and progression 
of cancer. Its major strength lies in its ability 
to measure molecules with direct corre- 
lation to anatomical features in tissues at the 
cellular level, bypassing cumbersome and 
time-consuming preparation techniques such 
as laser capture microdissection16. This is of 
particular interest for the analysis of small 
histological features that would require many 
sections to be microdissected to acquire the 
necessary number of cells for proteomic 
analysis. Another key feature of MALDI IMS 
is its ability to discover molecular signatures 
of disease; these signatures typically comprise 
5–20 or more different proteins that together 
result in robust diagnostic patterns17. Several 
studies have shown the usefulness and 
advantages of this technology in the field of 
cancer research as an aid to diagnosis or for 
ascertaining prognosis of different cancer 
types, as well as in the determination of the 
effectiveness of a therapeutic regime. This 
Perspective article highlights some recent 
publications using MALDI IMS in the field 
of cancer research, but it is not intended as a 
complete review of the field.

Technology
MS is recognized as a powerful tool for 
analysing various different analytes, includ-
ing small molecules, lipids, DNA segments, 
peptides and proteins18–24. MALDI IMS is 
amenable to the analysis of high molecular 
mass biologicals of 100 kDa or more, as well 
as small molecules with a molecular mass of 
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less than 1 kDa. For analysis by MALDI, a 
sample is mixed or coated with an energy-
absorbing matrix and subsequently irradi-
ated with a laser beam. In positive ionization 
mode, singly protonated molecular ions 
([M+H]+) are generated from analytes in 
the sample, whereas in negative ionization 
mode singly deprotonated ions ([M–H]–) are 
generated. These are subsequently detected 
by one of several different types of mass ana-
lysers. Time-of-flight (TOF) analysers are 
commonly used in MALDI IMS to measure 
the ionized analytes. Following acceleration 
at a fixed potential25, ions are separated and 
recorded based on their mass (molecular 
mass) to charge ratio (m/z) (FIG. 1). As the 
charge for MALDI is typically one, the 
analyser read-out measures the protonated 
or deprotonated molecular mass of the 
molecule.

The introduction of MALDI IMS first 
enabled the analysis of intact biological tis-
sue sections in either an ordered array of 
spots to obtain an image or at selected posi-
tions of interest (known as histology directed 
profiling)7,26. The major advantages of these 
approaches are that they enable the direct 
correlation of mass spectra with anatomical 
or pathological features as tissue sections 
remain intact throughout the analysis and 
can be stained after MS analysis if neces-
sary27,28. Combining well-established antigen 
retrieval techniques and on-tissue tryptic 
digestion allows FFPE tissue samples to be 
analysed by MALDI IMS analysis through 
the measurement of the resulting peptides11. 
FFPE samples constitute the vast majority of 
samples that are available in worldwide tis-
sue banks in which millions of samples exist. 
This type of fixation has also become the 
standard practice in pathology — samples 
are processed and embedded in a standard-
ized manner and can be easily stored at 
room temperature. Moreover, samples from 
rare diseases are available in addition to the 
corresponding clinical information29.

Sample handling and preparation are 
crucial for achieving high quality and repro-
ducibility in MALDI IMS studies30,31. Pre-
analytical steps should be standardized and 
carried out with great care to achieve a high 
degree of reproducibility. Thin tissue sec-
tions can be collected on various sample tar-
gets (such as a gold plate or glass slide with 
conductive surface) and subsequently coated 
with the matrix. Matrix application can be 
achieved in several different ways such as 
dry coating, sublimation, spray coating, and 
manual and robotic spotting32–35. The pre-
ferred method of matrix application depends 
on the analyte. Although dry coating and 

sublimation are the favoured matrix applica-
tion techniques for lipid analysis, they are 
not optimal for protein and peptide analyses; 
these samples require spray coating or spot-
ting techniques. For these analytes, high 
quality mass spectra are obtained when 
the matrix solution crystallizes on the tis-
sue and thereby ‘traps’ these analytes in the 
crystals themselves. In FFPE tissue, matrix 
application is preceded by on-tissue tryptic 
digestion to release peptide domains that are 
not cross-linked36. A typical workflow for 
the analysis of fresh frozen tissue is shown 
in FIG. 2. The acquired data can be visual-
ized by depicting single proteins or peptides 
(producing protein or peptide images) or by 
using statistical methods to combine multi-
ple proteins in a model to reveal a signature 
of key molecular changes within the tissue 
(producing classification images).

The use of different classification algo-
rithms facilitates data analysis to generate 
images of tissue sections through two differ-
ent general approaches: unsupervised (if no 
knowledge of the tissue composition is avail-
able) and supervised (if spatial details of the 
section are known)37,38. using virtual z-stacks 
and three-dimensional volume rendering 

allows the reconstruction of MALDI IMS 
data to generate three-dimensional volumes, 
and these can be co-registered with addi-
tional data such as block face optical images 
and magnetic resonance imaging data39,40.

In summary, MALDI IMS is a versatile 
technology that can be used for the direct 
analysis of biological compounds from tissue 
sections. Although MALDI has been suc-
cessfully implemented for certain aspects of 
DNA analysis (such as the analysis of DNA 
methylation, small oligonucleotides and 
single nucleotide polymorphisms22), analysis 
of intact DNA from tissue sections has not 
yet been achieved. MALDI IMS studies have 
mostly focused on proteins and small mol-
ecules in a wide variety of applications, rang-
ing from fundamental biology to clinical 
studies. Proteomic data obtained from intact 
tissue sections can be directly correlated 
with the histology.

Despite impressive advances in MALDI 
IMS technology, challenges remain to 
further increase the sensitivity in order to 
sample deeper into the proteome. The pro-
teins detected are typically at mid- to high-
abundance levels. In addition, higher spatial 
resolution needs to be achieved, ultimately 

Figure 1 | Principles of MaLDI-TOF IMS. a | Schematic outline of a typical separation of analytes in 
a linear matrix-assisted laser desorption ionization (MALDI)-time-of-flight (tOF) imaging mass spec-
trometer (IMS) based on their mass to charge ratio (m/z). b | typical mass spectrum in the mass range 
between 2 and 20 kDa. c | A magnification of the mass range between 5 and 8 kDa.
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enabling subcellular analyses. Current limita-
tions in matrix application (such as the size of 
matrix drops applied to the tissue), as well as 
laser beam sizes, limit the achievable lateral 
image resolution to 10–20 μm. Although IHC 
can attain higher spatial resolution, MALDI 
IMS has the capability of analysing hundreds 
of analytes in parallel. A particular strength of 
MALDI IMS is its independence from the 
requirement of antibodies. As analytes can 
be visualized without the need for upstream 
labelling approaches, discovery becomes an 
integral advantage of MALDI IMS.

oncology applications
Applications of MALDI IMS in the field of 
cancer are diverse and are mainly focused on 
the analysis of peptides, proteins and small 
molecules. Some recent studies are discussed 
below that emphasize specific aspects of 
MALDI IMS technology. For protein analy-
sis, three different types of studies can be 
distinguished: diagnostic studies comparing 
different tissue types (such as tumour versus 
normal) to aid in pathological diagnosis; 
prognostic studies to categorize patients 
with long- or short-term survival; and 
drug response studies to predict a patient’s 
response to a certain treatment.

MALDI IMS-based studies have been 
used to elucidate molecular signatures from 
samples with different tumour types and 
grades, including brain41, oral42, lung36,43, 
breast44,45, gastric46, pancreatic47, renal48, 
ovarian49,50 and prostate cancer28,51. These 
studies have been conducted in a retrospec-
tive manner and are mainly focused on the 
identification of molecular signatures of a 
disease or disease status. As these molecular 
signatures are comprised of peptides and 
proteins, identification of the proteins is 
important, and this can be validated by IHC 
or western blot. As the technology provides 
an unbiased method for the analysis of sam-
ples as well as multiplexed spatially resolved 
molecular information, it allows the study 
of differences in molecular expression levels 
between adjacent anatomical and pathologi-
cal structures without the need for labelling 
approaches, as is the case for IHC. As no 
a priori knowledge of the proteins is neces-
sary, the discovery of new, unexpected  
proteins and pathways can be accomplished.

Peptide and protein analysis — diagnostic 
studies. Studies using MALDI IMS have 
revealed differences in protein expression 
between tumour tissue and the immediately 
adjacent normal tissue52. Most interestingly, 
these differences could still be observed in 
the surrounding histologically normal tissue, 

decreasing with distance to 1.5 cm beyond 
the tumour53. For example, the molecular 
assessment of clear cell renal cell carcinoma 
(ccrCC) samples (n = 34), comprising tumour 
and adjacent normal tissue in the same sec-
tion, revealed molecular changes in the nor-
mal tissue that was adjacent to the tumour 
that were similar to changes observed in the 
tumour itself48. One group of proteins, which 
has been shown to be involved in the mito-
chondrial electron transport system (such as 
cytochrome c; m/z = 12,272), was consistently 
underexpressed in tumour and adjacent histo-
logically normal tissue. These findings directly 
address the issue of the molecular assessment 
of surgical tumour margins and the desire to 
reduce local tumour recurrence.

The application of MALDI IMS for diag-
nostic purposes to differentiate between 
tumour and normal tissue or different tumour 

subtypes has become an emerging field as 
investigators seek to find better markers to aid 
diagnosis. In a study on prostate cancer, inves-
tigators compared a total of 31 fresh frozen 
prostate cancer and 41 normal prostate biopsy 
samples to identify differentially expressed 
peptides51. Combining 3 peptides in a genetic 
algorithm-based model resulted in the correct 
classification of cancerous areas in 85% of the 
discovery set (cancer = 11; normal = 10) and 
81% of the validation set (cancer = 23; nor-
mal = 31). One of the proteins identified was 
MEKK2 (m/z = 4,355). These findings were 
further validated by western blot analysis and 
IHC, both of which verified that MEKK2 was 
overexpressed in prostate cancer tissue and 
cell lines.

In a similar study of ovarian cancer, fresh 
frozen ovarian cancer tissue samples (n = 25) 
were analysed in comparison to benign 

Figure 2 | Workflow for MaLDI IMS analysis. Schematic outline of a typical workflow for fresh frozen 
tissue samples. Sample pretreatment steps include cutting and mounting the tissue section on a con-
ductive target. Matrix is applied in an ordered array across the tissue section and mass spectra are 
generated at each x,y coordinate for protein analysis or tandem MS (MS/MS) spectra for protein iden-
tification. Further analytical steps include the visualization of the distribution of a single protein within 
the tissue (protein image) or statistical analysis to visualize classification images as well as database 
searching to identify the protein. the scale represents the relative intensity of the protein. IMS, imag-
ing mass spectrometry; MALDI, matrix-assisted laser desorption ionization; MS, mass spectrometry;  
m/z, mass to charge ratio.
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ovarian tumours (n = 23)49. A fragment of 
the 11S proteasome activator complex rEGα 
(also known as proteasome activator sub-
unit 1 (PSME1); m/z = 9,744) was found 
to be overexpressed in the cancer samples. 
results were confirmed by western blot 
analysis as well as IHC. IHC revealed a dis-
tinct and diagnosis-dependent localization 
in cellular compartments, with cytoplasmic 
localization of rEGα in carcinomas as well 
as nuclear staining but no cytoplasmic stain-
ing in 76.9% of benign tumours. This is 
the first report describing high expression 
levels of rEGα in ovarian cancer. The 11S 
regulator complex (PA28; of which rEGα is 
a subunit) binds to the 20S proteasome, and 
downregulation of PA28 in tumour cells  
has been shown to result in an impaired  
presentation of tumour antigens54.

Two separate studies of non-small-cell 
lung cancer (NSCLC) were able to identify 
proteomic patterns to accurately classify 
and predict histopathological groups (such 
as adenocarcinoma and squamous cell car-
cinoma)36,43. In the first study, investigators 
analysed fresh frozen samples from 79 lung 
tumours and 14 normal lung tissues43. using 
a training set of 42 tumour samples and 
8 normal samples, investigators created a 
model that could correctly classify all sam-
ples in the training set as well as all samples 
in an independent validation set (37 cancer 
and 6 normal samples). Moreover, expres-
sion profiles of two proteins also allowed the 
classification of tumours with and without 
lymph node metastasis with 85% and 75% 
accuracy in the training and validation 
sets, respectively. Combining 15 peaks in 
a proteomic pattern enabled the distinc-
tion between patients with NSCLC with 
poor (n = 25) and good (n = 41) prognosis 
(p<0.0001). Two proteins (m/z = 10,519 and 
m/z = 4,964) that were highly expressed in 
primary NSCLC were identified as SuMO2 
and thymosin-β4, X-linked (TMSβ4X), 
respectively.

Another study of NSCLC demonstrated 
the use of FFPE tissue microarray (TMA) 
samples for high-throughput analysis and 
classification by means of on-tissue tryp-
tic digestions and MALDI IMS36. using a 
support vector machine algorithm-based 
model enabled the correct classification of 
all squamous cell carcinoma (n = 22) and all 
adenocarcinoma (n = 18) samples. MALDI-
tandem mass spectrometry (MS/MS) 
analysis directly from the TMA section 
allowed the identification of approximately 
50 proteins. For example, heat shock pro-
tein β1 (HSPB1) identified by three tryptic 
peptides, was found to be almost exclusively 

expressed in squamous cell carcinomas. All 
three tryptic peptides showed a similar ion 
density distribution across the TMA, thereby 
corroborating the derivation of these pep-
tides from the same protein. Two other  
peptides (m/z = 1,407.7 and m/z = 1,410.7) 
were identified as a fragment of cyto-
keratin 6 (CK6) and CK5 (also known as 
keratin 5), respectively. These two antigens 
are usually expressed in squamous cell carci-
noma, whereas adenocarcinomas are mainly 
CK5- and CK6-negative. Commercially 
available antibodies stain both antigens. 
However, a wide variation in the expression 
of both cytokeratins in patients was revealed 
when comparing MALDI IMS-based pep-
tide images of CK5 and CK6 with IHC stain-
ing using an antibody against CK5 and CK6 
(REF. 75) (FIG. 3).

In breast cancer, MALDI IMS has been 
used to classify ErBB2 (also known as 
HEr2) receptor status on stored fresh frozen 
tissue samples. The assessment of ErBB2 
expression in breast cancer is crucially 
important for treatment decisions in newly 
diagnosed patients with primary breast 
cancer to predict which patients are most 
likely to respond to trastuzumab therapy44. 
Fresh frozen samples from 48 patients were 
analysed. The expression of ErBB2 was 
evaluated by IHC and fluorescence in situ 
hybridization in the training set (ErBB2-
positive n = 15 and ErBB2-negative n = 15) 
and by IHC only in the validation set 
(ErBB2-positive n = 6 and ErBB2-negative 
n = 12). Classification of the ErBB2 receptor 
status in the training set using an artificial 

neuronal network-based model resulted in 
87% sensitivity and 93% specificity. Applying 
the same model to predict the ErBB2 recep-
tor status in the validation set resulted in 
the correct classification of 16 of the 18 
cases (83% sensitivity and 92% specificity). 
In addition, a protein overexpressed in 
ErBB2-positive samples was identified as 
cysteine-rich intestinal protein 1 (CrIP1; 
m/z = 8,403). This result confirms previous 
findings of the co-expression of CRIP1 and 
ERBB2 mrNAs55.

Peptide and protein analysis — prognostic 
studies. In a study on patient outcome, 
samples from 108 patients with glioma 
and 19 non-cancer patients were subjected 
to MALDI IMS analysis to obtain protein 
signatures that correlated with tumour his-
tology and patient survival41. In addition to 
being able to distinguish between non-cancer 
subjects and patients with glioma with an 
average of >92% accuracy, investigators 
could also identify a proteomic signature 
(24 peaks) to differentiate between patients 
from two prognostic groups: a short-term 
survival group (52 patients; mean survival of 
<15 months) and a long-term survival group 
(56 patients; mean survival of >90 months). 
Multivariate analysis showed a strong cor-
relation between the identified protein 
expression signature and patient survival, 
demonstrating that the protein expression 
signature is an independent indicator of 
patient survival. Additionally, for a subgroup 
of the patients with glioma — those with 
glioblastoma (n = 57) — two different peaks 

Figure 3 | Comparison of IHC and MaLDI IMS results. Immunohistochemical (IHc) staining with 
an antibody against cytokeratin 5 (cK5) and cK6 of triplicate lung cancer biopsy samples from two 
different patients (patient A or patient B) showing positive staining in all biopsy samples (parts a and 
b). the corresponding peptide image of a 1407.7 Da fragment of cK6 (green; parts c and d) reveals this 
peptide to be present only in one patient, whereas the 1410.7 Da fragment of cK5 (red; parts e and f) 
is present in all biopsy samples75. the scale represents the relative intensity of the peptide. IMS, imaging 
mass spectrometry; MALDI, matrix-assisted laser desorption ionization. Image courtesy of M.r. 
Groseclose, vanderbilt University, USA. 
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could separate patients with short-term 
survival (28 patients; average survival of 
10.9 months) from patients with long-term 
survival (29 patients; average survival of 
16.8 months). This proteomic signature 
could also be verified as an independent pre-
dictor of patient survival by a multivariate 
Cox proportional hazards model. In total, 
six proteins could be identified by high-per-
formance liquid chromatography (HPLC) 
and MALDI-MS/MS in this study: calcyclin 
(also known as S100A6; m/z = 10,092), 
dynein light chain LC8-type 2 (DLC8B; also 
known as DYMLL2; m/z = 10,262), calpac-
tin I light chain (also known as S100A10; 
m/z = 11,073), phosphoprotein-enriched in 
astrocytes (PEA15; m/z = 15,035), fatty acid-
binding protein 5 (FABP5; m/z = 15,076) 
and tubulin-folding cofactor A (TBCA; m/z 
= 17,268). Two of these proteins, S100A6 
and DLC8B, were among the classifiers 
for overall patient prognosis of all patients 
with glioma, with S100A6 overexpressed 
in patients with short-term survival and 
DLC8B predominant in patients with long-
term survival. S100A6, a protein thought 
to be involved in tumorigenesis and cell 
proliferation, has previously been described 
as overexpressed in other tumours, such 
as colon cancer, and its expression level in 
epithelial cells was found to be directly pro-
portional to the increase in malignancy56,57. 
DLC8B has been reported to interact with 
BIM, a pro-apoptotic protein, to negatively 
regulate its apoptotic function58.

Peptide and protein analysis — drug 
response studies. Another goal of MALDI 
IMS-based proteomic studies is the identifi-
cation of markers that correlate with patient 
response to a therapeutic regime. MALDI 
IMS, together with gene expression profil-
ing, has been used to identify markers of 
taxane sensitivity in patients with breast 
cancer receiving a neoadjuvant therapeutic 
treatment regime of the taxane paclitaxel 
with radiation45. Fresh frozen pretreatment 
tissue samples from 19 patients were sub-
jected to histology-directed profiling. Of 
these 19 patients, 6 achieved a pathological 
complete response and 13 showed residual 
disease or no response after treatment. 
Comparing spectra from tumour regions 
between the two groups revealed three 
highly overexpressed (>30-fold) features 
(m/z = 3,371, m/z = 3,442 and m/z = 3,485) 
and four features of lower expression 
(m/z = 5,667, m/z = 6,955, m/z = 7,007 and 
m/z = 15,348) in the responder group. The 
three significantly overexpressed proteins 
had previously been identified as α-defensins 

(DEFα1, m/z = 3,371; DEFα2, m/z = 3,442; 
and DEFα3, m/z = 3,485) in proteomic analy-
ses of different types of cancer, such as head 
and neck cancer59. To verify the tumour cells 
as the source of the DEFα expression and to 
eliminate the possibility of an artefact caused 
by blood contamination of the tissue or the 
presence of neutrophils, IHC was carried 
out. Samples from patients with pathologi-
cal complete responses exhibited a positive 
staining pattern of DEFα in the tumour 
cells, whereas samples from non-responders 
showed little or no staining of DEFα.

In another study it was shown that early 
proteomic changes assessed by MALDI 
IMS could predict the treatment response 
of mammary tumours in transgenic mice60. 
Fresh frozen tumour sections from mouse 
mammary tumour virus (MMTv);Erbb2-
transgenic mice treated with different 
doses of a small molecule tyrosine kinase 
inhibitor of epidermal growth factor 
receptor (EGFr), erlotinib, and/or an 
ErBB2-blocking antibody (trastuzumab), 
were analysed by MALDI IMS at various 
time points and compared with tumour 
sections from untreated mice. Tumours 
from mice treated with erlotinib showed 
a dose- and time-dependent decrease in 
TMSb4X (m/z = 4,965), as well as ubiquitin 
(m/z = 8,565) and an increase of a fragment 
of E-cadherin-binding protein E7 (also 
known as c-CBL-like protein 1 (CBLL1); 
m/z = 4,794) when compared with tumours 
from untreated mice. Those drug-induced 
changes precede the inhibition of prolif-
eration or cell death, as measured by IHC 
(using the detection of proliferating cell 
nuclear antigen (PCNA)) and terminal 
deoxynucleotidyl transferase (Tdt)-mediated 
nick end labelling (TuNEL). Additional 
proteins found to be more highly expressed 
in tumours treated with both drugs include 
a fragment of calmodulin, acyl-CoA bind-
ing protein (also known as DBI), calgizzarin 
(also known as S100A11), histone H3 and 
histone H4.

Lipid analysis. Interest in assessing lipid 
changes in disease has increased consider-
ably owing to their important functions in 
signal transduction and energy storage61. 
Altered levels of lipids are found in many 
human diseases, including cancer62. MALDI 
IMS for spatially resolved analysis of lipids 
has also grown rapidly as the technology has 
developed. Owing to their low molecular 
mass (<1,000 Da), in situ analysis can be 
hampered by interference from other 
components in the tissue and through the 
normal tissue preservation protocols used 

in histology61. Initial MALDI IMS studies 
using fresh frozen tissue sections suggest 
that regional differences in concentrations 
for specific molecular species of lipids can 
be detected in tissues63,64. Investigators were 
able to analyse the distribution of mito-
chondrion-specific lipids, the cardiolipins, 
in different rat organ sections65. work from 
our laboratory in studies of biopsy samples 
from patients with ccrCC showed marked 
differences in lipid distributions between 
tumour and normal regions (unpublished 
observations, S. Puolitaival and r.M.C.). 
In total, 78 matched pairs were analysed 
in positive and negative ionization mode. 
Most linoleic acid-containing phospholipids 
were found to be more abundant in tumour 
regions, whereas sphingomyelins were more 
abundant in normal regions. Although these 
findings are interesting in terms of under-
standing the total molecular changes that 
occur in tumorigenesis, their specific role in 
this process remains unclear. In a recently 
published non-cancer-related study, MALDI 
IMS was used to successfully character-
ize the spatial and temporal distribution of 
phospholipid species during mouse embryo 
implantation66.

Applications of MALDI IMS to drug  
discovery. The assessment of the distribu-
tion and metabolism of drug candidates in 
targeted tissues and throughout the body 
is of central interest to drug discovery and 
in the understanding of drug responses67,68. 
Drug analysis uses MS/MS that allows both 
the molecular species and the structure-
specific fragments to be simultaneously 
monitored to increase sensitivity and better 
validate the identification of signals with 
high confidence. Single reaction monitoring 
(SrM) and multiple reaction monitoring 
(MrM) techniques further enable this analy-
sis to be accomplished in a high-throughput 
manner69. These techniques monitor the 
structure-related composition of the drug 
(precursor or parent ion) in the mass spec-
trometer to form one (SrM) or multiple 
(MrM) specific fragment ions.

Minimizing the tissue handling and 
washing steps that are typically a part of 
sample pretreatment protocols for the analy-
sis of proteins is crucial for the detection 
of small molecules, as such treatment can 
degrade or compromise the level of the drug 
of interest. Initial studies by MALDI IMS 
have shown the possibility of detecting not 
only the distribution of the drug itself but 
also the simultaneous distribution of its indi-
vidual metabolites in whole-body tissue sec-
tions70. FIGURE 4 shows an example of small 
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molecule imaging in whole-animal sections 
in which the orally administered anti-cancer 
drug is present in the digestive system as well 
as the tumour (personal communication,  
M. L. reyzer, r. A. Smith and H. C. Manning).

A recently published study used MALDI 
IMS to detect the localization of the alkylating 
agent oxaliplatin and its derivates in heated 
intra-operative chemotherapy-like treated 
rat kidneys71. The lowest concentration of 
oxaliplatin detectable by MALDI IMS was 
determined as 0.23 ± 0.05 mg of total oxali-
platin per gram of tissue using a 15 μm- thick 
tissue section. Imaging results showed that 
oxaliplatin and its derivates could be detected 
within the kidney cortex only. Penetration of 
the drug into the medulla was not observed. 
Another study imaged the distribution of 
vinblastine within rat whole-body sections in 

order to visualize the distribution of the drug 
in different organs72. Ion density maps of vin-
blastine (precursor ion; m/z = 811.4) and its 
fragments (for example, m/z = 793) showed 
a higher distribution in the liver, kidney and 
tissue surrounding the gastrointestinal tract. 
However, especially in the kidney, differences 
between the distribution of the precursor 
ion together with its fragment at m/z = 751 
were observed when compared with the 
other seven fragments, with the first showing 
a relatively high signal intensity in the renal 
pelvis. The distribution of orally administered 
erlotinib and its metabolites was investigated 
in tissue sections from rat liver, spleen and 
muscle by MALDI IMS67. The highest drug 
concentrations were found in liver sections 
together with the detection of one of the 
major drug metabolites. In addition, direct 

quantitative analysis of the drug on tissue 
(liver, spleen and muscle) by MALDI IMS 
was carried out and compared with standard 
LC–MS/MS on tissue homogenates. The 
ratio of total ion intensities from liver and 
spleen, as estimated by MALDI IMS analysis, 
was in good agreement with the ratio cal-
culated by LC–MS/MS analysis. One study 
of tumour response to drug treatment also 
analysed the spatial localization of elortinib 
directly in tissue sections by SrM of the tran-
sition m/z = 394.2 to m/z = 278.1 (REF. 60). 
The drug was predominantly found to be dis-
tributed in the more vascularized peripheral 
areas of the tumour section 16 hours after 
drug administration.

Conclusions and perspectives
MALDI IMS is a new technology with 
respect to defined clinical applications. Its 
outstanding molecular recognition capabili-
ties should substantially benefit molecular 
pathology as the technology develops further. 
Such development would include the imple-
mentation of biocomputational tools as well 
as the building and validation of extensive 
databases that correlate molecular signatures 
with histological and clinical data such as 
patient outcome. Many studies have shown 
the strength of this emerging technology and 
its ability to be used to aid in the diagnosis 
and prognosis of several different cancer 
types. In addition to discovering potential 
new drug targets, MALDI IMS also offers 
the possibility of analysing the distribution 
and effect of drug candidates directly in tis-
sues and whole animals. The most important 
characteristics of MALDI IMS in a discovery 
setting are its multiplexicity and its inde-
pendence from target-specific reagents such 
as antibodies. Further improvements in the 
technology will bring an increased ability to 
measure proteins of lower expression levels 
in tissue sections. Also, as image resolution 
increases, smaller laser spot sizes (that are 
subcellular, for example) will require even 
greater advances in sensitivity as the amount 
of material analysed per spot will decrease. 
Progress in many areas has already been 
shown; for example, in the development 
of special sample pretreatment protocols 
to allow the detection of hydrophobic and 
membrane-bound proteins73,74.

As this technology has proved its feasi-
bility and versatility, the next phase in its 
clinical use will be its translation to effective 
applications in the clinic. More comprehen-
sive studies with many hundreds of samples 
are needed to validate the robustness and 
potential use in a clinical setting in support of 
personalized medicine. The technology holds 

Figure 4 | Small molecule imaging. Unstained transverse whole mouse section (part a), image of the 
drug distribution (part b) and overlay (part c). the orally administered anti-cancer drug is present in 
high concentrations in the tumour and can also be found in lower concentrations in the digestive 
system and blood vessels. the solid white line represents the tumour; dashed white line the gastroin-
testinal tract; solid red line the major blood vessels and the dashed red line the outline of the whole 
section. the scale represents the relative intensity of the drug. Personal communication, M. L. reyzer, 
r. A. Smith and H. c. Manning, vanderbilt University, USA.

p e r s p e c t i v e s

644 | SEPTEMBEr 2010 | vOLuME 10  www.nature.com/reviews/cancer

p e r s p e c t i v e s

© 20  Macmillan Publishers Limited. All rights reserved10

http://www.cancer.gov/drugdictionary/?CdrID=42374
http://www.cancer.go


great promise for establishing protein or lipid 
signatures as robust aids in disease diagnosis 
and most importantly for prediction of a 
patient’s response to therapy and overall 
prognosis. MALDI IMS, perhaps in conjunc-
tion with other approaches, can clearly bring 
the art and practice of molecular pathology 
to a new and more effective level.
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aLL LInkS are aCTIve In THe OnLIne PDF

It is widely accepted that although basic 
scientific studies carried out using cell lines 
and animal models can be informative 
about the cellular and molecular aspects 
of cancer there is a clear requirement to 
confirm this in human samples. The con-
cept of patient-specific and disease-specific 
(‘targeted’) therapy has expanded rapidly in 
recent years. Many researchers believe that 
this concept of personalized medicine will 
provide the solution to the considerable 
challenges posed to the clinical treatment 
of cancer. The move from the traditional 

‘one size fits all’ approach for the treatment 
of cancer to targeted approaches seems to 
offer genuine hope for improved patient 
outcomes. There are a few examples for 
which the concept of a highly effective 
drug treatment targeted towards a specific 
limited patient population has become 
reality. The use of imatinib (Gleevec; 
Norvartis) in chronic myeloid leukaemia1, 
the use of monoclonal antibodies that tar-
get the epidermal growth factor receptor 
(EGFr) in patients with EGFr-expressing 
metastatic colon cancer2 and the use of 

the ErBB2 (also known as HEr2)-specific 
monoclonal antibody trastuzumab 
(Herceptin; Genentech) in ErBB2-positive 
breast cancers3 are such examples. 

The potential benefits of this personalized 
approach to the treatment of disease are 
considerable. They include the identifica-
tion of improved biological targets using 
validated biomarker studies, the capacity to 
increase the likely success of clinical trials by 
preselecting the patient population and the 
fact that this will in turn reduce the time, cost 
and the likelihood of failure of clinical trials4. 
Information from validated biomarker stud-
ies also allows the re-introduction of drugs 
that have failed in a clinical trial setting  
or that have been withdrawn from the mar-
ket to be re-applied in a more targeted way. 
Similarly, biomarker studies might also offer 
the potential to avoid adverse side effects, 
and this would, in turn, lead to higher  
compliance with various treatment regimes.

The need for large integrated biobanks
One of the biggest limiting factors to the suc-
cessful translation of basic scientific cellular 
and molecular studies into improved patient 
outcome has been the lack of access to large, 
appropriate and well-annotated cohorts of 
human tissue5,6. Focused disease-specific 
institutional biobanks have had some success 
in translational and personalized medicine 
(as described above). However, owing to the 
complex and heterogeneous nature of cancer, 
it is now clear that much larger biobanks are 
required7,8. For genetic main-effect studies 
2,000–5,000 samples are needed, for lifestyle 
main-effect studies 2,000–20,000 samples are 
required and for gene–lifestyle interaction 
studies 20,000–50,000 samples are required8. 
Only when these larger resources are availa-
ble can we truly understand the interactions 
between gene, environment, lifestyle and 
disease and translate this knowledge into the 
clinic through innovative diagnostics, thera-
peutics and preventive strategies for cancer. 
These larger resources can only be achieved 
by the integration of existing biobanks that 
already have a wealth of information and 
samples. However, there are many obstacles 
and challenges associated with such integra-
tion, including technical, logistical, ethical 
and legal ones.

Groups across both North America and 
Europe have started to address these obsta-
cles and challenges to move this process 
forwards. Initially, national programmes 
were established that linked previously col-
lected biobank samples. These included 
the Canadian Tumour repository Network 
(CTrNet; see the CTrNet website; Further 
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Integrating biobanks: addressing the 
practical and ethical issues to deliver 
a valuable tool for cancer research
R. William G. Watson, Elaine W. Kay and David Smith

Abstract | cancer is caused by complex interactions between genes, environment 
and lifestyles. Biobanks of well-annotated human tissues are an important resource 
for studying the underlying mechanisms of cancer. Although such biobanks exist, 
their integration to form larger biobanks is now required to provide the diversity 
of samples that are needed to study the complexity and heterogeneity of cancer. 
clear guidelines and policies are also required to address the challenges of 
integrating individual institutional or national biobanks and build public trust. this 
Science and Society article highlights some of the main practical and ethical issues 
that are undergoing discussion in the integration of tissue biobanks for cancer.
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